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TECHNICAL MEMORANDUM X-73327 
EX PER l MENTAL RESEARCH I N  THE USE 
OF ELECTRETS I N MEASUR l NG EFFLUENTS 
FROM ROCKET EXHAUST AND A REVIEW 
OF STANDARD A I R  QUALITY 
MEASURING DEVI CES 
I. INTRODUCTION 
The primary objective of this report is to demonstrate the feasibility 
of using electrets, a new measuring device developed by the Space Sziences 
Laboratory of Marshall Space Flight Center (MSFC) , to measure the chemical 
composition of rocket exhaust from space vehicles. It is noted that there a re  
over 50 measuring techniques presently available to measure atmospneric con- 
tamination. The instrumentation used operationally by the Booster Exhaust 
Study Test Team (BEST), which was composed of personnel from Langlcy 
Research Center ( L ~ R C ) ,  Kennedy Space Center ( KSC) , and MSFC, durinr the 
sampling of the ground cloud from thc Titan 111 C launches of Viking A and B 
missions to Mars from Cape Kennedy, Florida, on August 24 and September 9, 
1975 is  reviewed in this report. The types of instrumentation presented in this 
report for the measurement of gases are  the chemiluminescent hydrogen 
chloride (HcI) analyzer which is  based on light-emitting reaction of the 
monitored HCl gas with a gaseous reagent; the carbon monoxide (CO) detector, 
a nondispersive infrared ( NDIR) instrument; and bubblers, a dosage type of 
measuring instrument. To measure particle sizes, a quartz crystal micro- 
balance (mass monitor), an eight-stage Anderson impact filter and a Nuclepore 
filter were used. A millipore filter, which measures HCI, will also be 
reported on because of its use during the 6 .4  percent model testing of the Space 
Shuttle booster (solid rocket booster, SRB) at MSFC Test Facility 116. There 
is a generd complication with all these types of instrumentation, i. e. , a lack of 
multipollutant capabilities o r  a nced for the development of a method of high 
sensitivity, simplicity, and speed of measurement, and for multipollutant capa- 
bilities. The electrets can overcome this complication. The experiments with 
the electrets have shown that they have unique propcrtics that a rc  useful in 
practical exhaust studies. 
ELECTRETS 
A. Background 
Electrets have been known since the latter part of the 19th century. A 
substantial amount of work has been done on electrets, and a few practical 
applications, particularly in the area of communications, have been made. In 
general, however, only qualitative descriptions of the various processes are 
known. 
The particles in tests that have been conducted have either a positive or 
negative charge and are attracted to the electret's surface. These collected 
particles or ions on the electrets are then analyzed by taking the mass spectra 
of the sample. 
Preparation of Electrets 
Electrets have been made in a variety of ways, but the method used most 
often has been to make "thermoelectrets. " A thermoelectret i s  made by placing 
a dielectric material between two electrodes, heating the dielectric material 
to near its softening point, and applying a high direct current field to the mate- 
rial between electrodes. The field is maintained while the dielectric is  cooled 
to room temperature, and the electric field is  removed. If the treated dielec- 
tric exhibits electric polarization, it i s  called an electret [ I ] .  
It has been found that thermoelectrets of polymers with stable surface 
charges on either side are suitable devices for attracting charged particles 
and ions to their surface. Therefore, it was decided to use these electrets for 
effectively measuring charged gases, vapors, or particles !n the atmosphere. 
The thermoelectret characteristics of polytetrafluorethylene (~ef lon)  from 
experimental studies were analyzed by collecting vapors of xylene and acetone 
under different experimental conditions. Thermoelectrets were prepared by 
keeping a Teflon f ~ i l  of 0.0125 cm thlckncss between two aluminum electrodes. 
Further details are in Reference 2, Mass spectra of the unexposed electret 
and the exposed electret were taken by using the Varian M-66 cycloidal mass 
spectrometer. The experiment results, on the whole, indicated that even small 
quantities of the gases give a characteristic mass spectra and the peak height 
of the mass spectra can be considered as a measure of the quantity of the mate- 
rial collected over the surface of the electret (see Section C for the type of 
material collected). 
C. The Use of Electrets to Measure Effluents 
from Solid Rocket Boosters 
The most widely used propellant in solid rocket motors i s  ammonium 
perchlorate as the oxidizer with powdered aluminum filler that acts in part as 
a fuel and partially as a stabilizer to control thc burning rate. The exhaust 
products from this type of fuel contain hydrogen chloride ( H c I ) ,  aluminum 
oxide (Al2O3)( and water ( ~ ~ 0 ) .  To assess the impact of these products in 
the atmosphere, it i s  nccessary to know not only thcir quantity but also their 
distribution in the ground cloud that dcvclops at thc launch site after a rocket 
firing. This report d iscus~cs  the use of elcctrcts to lneasurc thc effluents. 
D. Experimental Results from Electrets During Test 
Firing of 6.4 Percent Scale Model of Space Shuttle 
Solid Rocket Booster and Liquid Engine at MSFC 
Test Facility 116 
Rocket exhaust effluent transport and chcrnical kirlctic measurements 
were made using sevcral a i r  quality mcasuring devices and wcrc comparcd to 
e!ectret measurements during the Sp:~cc Shuttlc acoustic model tcsts at MSFC. 
A 6.4 s r c e n t  scale modcl of the Space Shut..e SRB and the liquid engine of the 
Space Shuttlc main cnginc (sSME) were tcst fired. 
Qualitativc results from the tcsts have hccn obtained by sampling the 
rocket exhausts usiilg clectrcts and comparing thesc to rcsults obtaincd using 
the chemiluminescent HCl analywr, bubbler, and a milliporc filtcr. Scanning 
electron microscopic (SEM) and X-ray microprobc analyscs havc been used to 
identify the various efflucnts, thc most important being IlCl. 
Table 1 lists rcsults obtaincd from thc cxpcrimcnts and from various 
HCI measuring instruments. Concentrations obtained using thc chcmiluminescent 
HCl analyzer from the USAF School of Medicine, Brooks AFB, Texas, and bub- 
blers and milliporc filters from Arnoli Engineering Dcvclopmcnt Ccnter, 
Tullahoma, Tenncsscc, wcrc comparcd to conccntrations obtained simultaneously 
from the electret studies. 
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Ae ehown in Table 1, direct comparisons were made at positions one 
and eight of HCl meaeurements made with a millipore filter and a bubbler. 
The electrets were kept beside the above instruments to calibrate the pollution 
collected on the electret surface. For example, at position one, approximately 
75 m from the flame trench and 85' from true north, the millipore filter meas- 
ured 21.1 ppm. At the same angle and distance, the electret measurement 
from the SEM and X-ray microprobe analysis gave 9682 counts. Also, at 
position eight, the bubbler measurcd 66.2 ppm, and 26 204 counts were obtained 
from the SEM and X-ray microscopc analysis. From the above measurements, 
a calibration of the counts from thc clectrcts against the instrumentation (miili- 
pore filter and chemiluminesccnt analyzer) was obtained. This was found to be 
427.35 counts equal 1 ppm. It niay be noted that to obtain consistent results, 
the SEM analyses of the clectrcts wcrc done undcr identical conditions. Also, 
tho exhaust cloud passage timc over the tcst instrunicnts was approximately 
10 8, which was dctermincd from photographs takcn during the tcst. 
Figure 1 illustrates a summary of the tcst data snd a calibration curve 
of HC1 concentrations (ppm) from various instruments such as millipore filter, 
bubbler, and chomilumincscent HCl annlyzcr with the elcctrcts. 
In addition to the results in Pigurc? 1. I'ipprc 2 shows the distribution or 
concentrations of the pollution froni thc tcst sitc at various angles for a consta! 
distance. It appears that when a clcnsc llow of air I'roni the rockct cxhaust 
passes an elcctrct that is adjacent to :I milliporc filter, I)uhblcr, ctc., the 
reading i s  h i ~ h ;  and when a less dcnsc Ilow of air from ti:c rocltct cxhnust 
passes, a lower mcnsuremcnt of conccntrntion is ohtninctl. Figurc 3 is n plot 
similar to that of Fi~wrc 1 but shows thc dosag:? ( ppm-s) vcrsus c!lcctrct 
electron counts. 
E. Experimental Results Obtained During Chamber 
Testing of the Electrets at Arnold Engineering 
Development Center 
The chamber used for testing nt Arnold Engineering Dcvclopmcnt Ccnter 
is a 3 ft3 chnmbcr made 01' plcxiglnss. Thc iucl i s  i~nitctl 11.v triggering an 
electrically hcatcd nichronc wirc. I'hc nichronc uirc iqitcs thc solid fuel 
which then bums for approrrimatcl y 1 s. The lioldcr of the niilliporc filter :in, 
electrets is placed into the chnmbcr aftcr tlic lirin:: scqucncc. Esposurc timcs 
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of 30, 60, 90, and 120 s were determined using a digital timer. The mixing of 
the exhaust products results from the heat of the fuel and the resultant turbulent 
mixing. This lasts for several minutes, and observations indicated that it is a 
slow mixing process. 
The density o r  distribution of the exhaust products for the 1 s firing: in a 
chamber is not as  uniform as a typical exhaust cloud observed [3] in the atmos- 
phere where there is a mass flow of a i r  over the instruments (wind speeds of 
. 
2 to 15 mi's depending on the test day). By observation [3] the distribution 
sensed by the millipore filters and electrets in the chamber is a very slow 
mixing process in comparison to the mass flow of exhaust clouds observed in 
rocket testing in the atmosphere. It appears, however, that the localized read- 
ing for both instruments in the chamber is the best reading. The flow at  this 
point is more dense and uniform. After a period of time, the distribution 
becomes spotty in parts of the chamber and decay accrues for the exhaust gases. 
This can be seen in Figure 4 and Table 2. In Figure 4, the concentration for 
the millipore filter, after 60 a, two readings of 90 s, and 120 s drops off 
dramatically. In Figure 5, however, the electron counts generally increase with 
greater exposure time. 
Ngure 4. Duration of exposure (a)  versus concentration 
meaeurements of HC1 from millipore filter during 
chamber tests at Arnold Engineering Development 
Center. 
TABLE 2. CHAMBER TEST DATA; HCl CONCENTRATION 
MEASUREMENTS FROM MILLIPORE FILTER VERSUS 
ELECTRET ELECTRON COUNTS FOR TIMES OF 30, 
60, 90, AND 120 s AT ARNOLD ENGINEERING 
DEVELOPMENT CENTER 
Electret 
Electron 
Counts 
Millipore 
Filter 
( P P ~  
Time of E 
Figure 5. Duration of exposure ( a )  versus electret 
electron counts during chamber tests at 
Arnold Engineering Development Center. 
From Table 2, the localized instantaneous value for the electret count 
of 7366 and the millipore measurement of 20 ppm at 30 s compare favorably 
when converted using 427.35 counts equal 1 ppm from the atmospheric tests. 
In this case, 17.25 ppm would be obtained from the electret measurement versus 
20 ppm for the millipore filter. 
F. Typical Output Curves from X-Ray 
Microprobe Analysis 
A typical computcr output of thc X-ray microprobe analysis [4]  of the 
rocket exhaust effluents is shown in Table 3 and Figure 6. Becuase this method 
has the added advantage of obtaining the entire spectrum of pollutants from a 
rocket exhaust, it is a powerful tool in studying contaminants. 
TABLE 3. DATA OUTPUT FROM ANALYZER, TEST 45 
Kilo-Electron-Volts 
( keV) 
Counts 
(2000 s )  Symbol 
INTENSITY VS KlLO ELECTRON VOLTS 
2.0 4.0 6.0 
KlLO ELECTRON VOLTS (KeV) (KEV) 
Figure 6. Electron volt spectra output, Test 45. 
G. Conclusions and Recommendations 
Electrets of polymers were used successfully for the first  time in 
collecting rocket exhaust effluent measurements. The exposed electrets were 
analyzed by scanning electron microscope and X-ray microprobe analyses. It 
was possible by these studies to identify the various effluents coming from the 
rockets at the time of firing. Direct comparisons of values with electrets were 
made with the results obtained from the chemiluminescent, bubbler, and milli- 
pore filters for samples kept under identical conditions. This aided in calibrating 
the intensity of the X-ray spectra with respect to the concentration of the products 
collected on electret surfaces. The results of these comparisons show a high 
degree of correlation. The entire spectra of the pollutants coming from the 
rocket may be obtained from the electrets. Other methods showed only the 
concentration of HC1. However, more extensive investigations must be per- 
formed to obtain quantitative results with the electrets. 
I 1 I. CHEMI LUM I NESCENT HCI ANALYZERS 
A. Description 
This detector was developed by NASA under contract and is now available 
carnmercially. The HCl detector is designed to continuously monitor HC1 a i r  
concentrations from 0.1 to  50 ppm. In this concentration range, the response 
time to 90 percent signal and 10 percent recovery is a few seconds. Since these 
terms will be used again, an explanation is presented a s  follows [ 51 : 
"Response time has been defined as that time required for the 
output of the detector to reach 90 percent of its final (equili- 
brated) ~i l tput  upon exposure to a fixed pollutant concentration. 
Time zero for a response time measurement is that time a t  
which the pollutant concentration is introduced into the inlet 
of the detector. Recovery time is defined a s  that time required 
for the output of the detector sampling a fixed concentration to 
decay to 10 percent of the original value after removing the 
pollutant gas stream from the inlet of the detector. Time zero 
for a recovery time measurement is that time at which the 
pollutant concentration ia removed from the inlet of the detector." 
B. Discussion 
HC1 is detected by chemiluminescence accompanying the reaction of 
luminol. The inlet column for the sampling s h a m  is coated with NaBr and 
NaBr03. HCI reacts with this coating to produce hypochlorite, hypobromite, 
and possibly bromine, all of which react with luminol to produce chemilumi- 
nescence which is proportional to the concentration of HCI in the incoming 
stream. With most other instruments sufficient HCI, especially at low 
concentrations, is removed by the adsorption o r  reaction at the inlet to 
cause a lag in response of the instrument, However, in this chemiluminescent 
instrument, this adsorption o r  reaction produces species that are essential to 
the detection process. The response of this instrument is rapid in comparison 
to other HC1 detecting instruments. Laboratory and field evaluations of the 
chemiluminescent HC1 detector have shown the unit to  be a reliable HC1 detector, 
as reported in Reference 5. Laboratory rcsults have shown detector limits of 
0.05 ppm and an absolute accuracy of a t  lcast *5 percent. Field results have 
shown similar detection limits and stable operation a t  ambient temperatures 
of 40°C. Future laboratory evaluations will be in thc a rea  of interference 
studies and detectior of IIC1 (gas) and ZICl (aerosol) mixtures. Based on the 
results in Reference 5, the following conclusions apply: 
1. The detection limit for the IICl dctcctor i s  bclow 0.05 ppm. 
2. In the range of 0.05 to 50 ppm, the accuracy of the HCl detec lor 
is 5 percent. 
3. Rcsponsc time for  the IIC1 dctcctor rangcs from less  than 1 s at 
50 ppm to approximatcly 20 s at 0.05 ppm. 
IV. CO DETECTORS 
A. Description 
The CO dctcctor is dcsigncd to continuously mmitor  CO in gas s t reams 
and ambient a i r  a t  conccntr:ltions from 0.2 to 200 ppm. Thc instrumcnt i s  a 
nondispersive infrarcd instrumcnt featuring dual-isotope fluorescnce to account 
fo r  signal attenuation a s  thc rcsult of other pollutants in thc samplc stream. 
Responac time to 00 pcrccnt sigi~al and 10 pcrccnt rccovcry i s  typically 20 to 
40 s. 
B. Discussion 
Both the nondispersivc-infrared, dual-isotope-fluoresccn t CO detector 
and the chcmilumincsccnt IlCl dctcctor havc hccn uscd in a number of f cld 
monitoring programs. To date no major problcms havc bccn cncountcred in 
their opcration. Minor problcms with zero drift  and/or small sensitivity 
changes (15 percent) have been observed as the result of the field operational 
environment ( 35' to 40°C). Hnwevar, in each case appropriate and rather 
simplified field procedures can be implemented to correct for these minor 
problems. Based on the results presented in Reference 5, the following 
conclusions apply: 
1. The detector limit for the CO detector is s~pproximatcly 0 . 2  ppm. 
2. In the range of 0 . 2  ppm to 200 ppm, the accuracy of the CO detector 
is 5 percent o r  0 . 2  ppm, whichever i s  larger. 
3. Response timc lor thc CO tlctcctor to 90 pcrccnt ol reading ranges 
from 40 s (0  to 20 ppm range) to 20 s ( 0  to 200 pprn range). 
V. BUBBLERS 
A. Description 
Basically, the bubhlcr is a dosage type instrument. It sucks a i r  at a 
rate of 3000 cm3/min into 20 cm\f distjllctl watcr. It uscs coulomctric detec- 
tion lor the dctcction ol  chloridc. 
B. Discussion 
Thcrc i s  a detection limit of :: ng/20 pl of watcr. Also, thc detcction 
limit is a iunction ol  how purc onc can get thc watcr. Basicaliy, the dctcction 
limit is 80 to 100 ppm-s, which i s  marginal. As an cxamplc, if the concentra- 
tion is 0 . 8  pprn lor 10 s, no mcasurcmcnt i s  oblaincd. Ilowcvcr, i l  a 0 . 8  pprn 
measurement for 100 s i s  madc, a mcasurcmcnt may bc oliaimd. The accuracy 
is 10 percent of the rcading aabovc 200 ppm-s; bclow this the accuracy gocs up (61.  
VI.  MILLIPORE FILTERS 
A. Description 
A millipore filter consists of a plastic mcmbranc baclwtl with a cellulose 
pad. The mcmbranc and pad arc houscd in a disposable plastic containcr. The 
accuracy of the dctcrmination of an llCI concentration using this device is defined 
by the various measurements that must be made, i.e, , time of exposure, flow 
rate through filter, quantity of water used in the analysis, and the hydrogen ion 
concentration. Assw.ing reasonable uncertainties for each of these measure- 
ments yielda a net uncertainty of h15 percent in the HC1 concentration. 
0. Discussion 
The pore size of the millipore filter membrane is 0.4 pm. The flow rate 
to sample the exhaust gas is 5 l/min. The membrane is 1.5 in. (3.28 cm) in 
diameter. The membrane collects the aluminum oxide particles. The HCl is 
absorbed by the membrane and the cellulose backing pad. The dosage absorbed 
by a specific filter is determined by removing the membrane and pad and 
macerating them in 20 cm9 of distilled water. The resulting ph change in the 
water is then measured, Thus, the hydrogen ion concentration can be deter- 
mined, and the quantity of HCI follows from this determination [6,7 ] . 
MASS MONITORS 
A. Description 
The Celesco quartz crystal microbalance (mass monitor) is an impactor 
device in which particulates a re  collected on an oscillating quartz crystal and a 
rotating polycarbonate disk. The sensing crystal provides real time data on 
mass loading, while the rotating disk collects material for time resolved 
elemental analysis. 
6. Discussion 
Located behind the sensing crystal in the mass monitor is a second 
crystal that serves a s  a frequcncy reference and a temperature compensator. 
The two crystals, in separate resonant circuits, produce a beat frequency that 
is increased when mass is added to one of the crystals. This beat frequency i s  
converted to an analog voltage that i s  proportional to the total mass collected. 
The analog signal is further diffcrcntiatcd to givc a signal proportional to 
instantaneous mass loading. Both signals a re  scaled appropriately and recorded 
directly on a. two-channel strip chart rccordcr in terms of total material col- 
lected in micmgrams and instantaneous mass loading in micrograms per cubic 
meter. The size of particles collected on the crystal is in the range of 0.1 pm 
to 100 pm diameter. Using scanning clectron microscopy, pictorial identlfica- 
tion can be made of particles collected on the polycarbonate disk. Both the 
sensing crystal and disk are coated with an adhesive to increase collecticm 
efficiency and to prevent reentrainment of the particles. This instrument can 
sample continuously to ambient levels of 50 pg/ms for a period of 3 to 4 h, at 
which time the crystal must be changed [9]  . 
VI I I.  EIGHT STAGE ANDERSON IMPACT FILTERS 
A. Description 
The Anderson nonviable sampler is an eight stage impact filter. The 
unit will effectively sample in any position (preferably upright). The particles 
are impacted on the plates, and the jet stages propel each particle to its partic- 
ular collection plate for analysis. For further details, see Reference 8. 
0. Discussion 
Larger particles normally impacting on the top stage8 could plug the 
smaller holes in the lower stages of this iilter. With the collection plates in 
place and jet stages in the proper sequence, the sampler is placed in the 
desired areas for a sample collection. The v riety of materials that can be 
collected with this sampler is naturally unlmited. The collected sample may 
be analyzed in many different ways, such as microscopically, chemically, 
colormetrically, gravimetrically , radiologically, etc. [ 8 j  . 
I X. NU CLE PORE F I LTER S 
A. Description 
The filters used are made from polycarbonate sheets that are approxi- 
mately 10 pm thick. The filters arc made by boring holes with fission fragments 
and then enlarging the holes to the desired size by placing the filters in an etch 
solution. This process yields a thin, uniform pod-sized, nonhygroscopic, 
transparent collection surface of uniform weight for particulates. 
B. Discussion 
This clean, smooth filter material is relatively free of metallic 
impuritlee and lends itself well to scanning electron microscopy and neutron 
activation analysis. The filter is clamped in a holder, and a vacuum pump is 
attached to the suction tube and turned on with flow rates of 6 to 140 l/min 
depending on pore size, pump capacity, etc. Particles are drawn to the filter 
surface and collected primarily by diffusion and impaction, with electrostatic 
forces playing a small part. The particles collected can then be subjected to 
the above analysis techniques (81. 
SUMMARY OF ME SENSORS AND BAS1 C USAGE 
A doscription of electrets and their multipollutant spectra capability 
was presented. The response time to 90 percent signal and 10 percent recovery 
was noted to be a few seconds for the fICl analyzer and 20 to 40 s for the CO 
detector. It was also noted that if a 0.8 ppm measurement of HCl is to be made 
by the bubbler, 100 s i s  the time interval before a measurement may be made 
successfully. The accuracy is 10 percent of the reading above 200 ppm-s. 
In addition, the millipore uncertainty in measuring IICl is i15 percent. The 
particulates collected by the mass monitor, eight stage Anderson filter, and 
Huclepore filter may be analyzed in  many different ways, such as micro- 
scopically, chemically, colormetrically, gravimetrically, radiologically, etc. 
X I .  CONCLUSIONS AND RECOMMENDATIONS 
It has been shown that electrets of polymers have been used succeas- 
fully for the first time in collecting rocket exhaust effluents. It was possible 
by the use of scanning electron microscope and X-ray microprobe analyses 
to obtain spectra, giving the clcctrct a multipollutant capability. In addition, 
simplicity of deployment and spced of assessment and analysis make the 
electrets a valuable tool in measuring pollutants from a space vehicle rocket 
exhaust. An overvicw of the gas measuring instrumentation, such as the 
chemiluminescent HCl nnalyzcr, CO detector, buhblcr, and millipore filter, 
was presented. Also, particulate measuring instrumentation, such as the 
mass monitor, nuclepore filter, and cight-stage Anderson filter, were reviewed. 
Primarily, the electret is  a complementary device to other measuring systems. 
However, more extensive investigations must he performed to obtain quantita- 
tive results with the electrets. 
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